] complexes in which P^P = 2,7-bis(tertbutyl)-4,5-bis(diphenylphosphino)-9,9-dimethylxanthene ( t Bu 2 xantphos) or the chiral 4,5-bis(mesitylphenylphosphino)-9,9-dimethylxanthene (xantphosMes 2 ) and N^N = 2,2'-bipyridine (bpy), 6-methyl-2,2'-bipyridine (6-Mebpy) or 6,6'-dimethyl-2,2'-bipyridine (6,6'-Me 2 bpy) are reported. Single crystal structures of four of the compounds confirm that the copper(I) centre is in a distorted tetrahedral environment. In
[Cu(xantphosMes 2 )(6-Mebpy)][PF 6 ], the 6-Mebpy unit is disordered over two equally populated orientations and this disorder parallels a combination of two dynamic processes which we propose for 
Introduction
Solid-state lighting technologies include organic-light emitting diodes (OLEDs) and light-emitting electrochemical cells (LECs) and interest in these devices has grown tremendously in the last few years. [1] [2] [3] [4] OLEDs are now well established and are widely employed in display applications. LECs feature many of the advantages of OLEDs including direct electron-to-photon conversion and the possibility of fabrication employing flexible surfaces and thin-film processing. Additionally, the simple device architecture of LECs and the use of air-stable electrode materials might reduce the manufacturing cost of electroluminescent devices and widen their field of applications. [5] [6] [7] LECs incorporating ionic transitionmetal complexes (iTMCs) based on iridium (and to a lesser extent ruthenium) have been the focus of intense investigations and show good performances in terms of colour tunability, brightness and device lifetime. [8] [9] [10] [11] [12] [13] [14] However, the limited availability of iridium and ruthenium in the Earth's crust motivated the search for alternative emissive materials.
LECs employing copper(I) iTMCs show promising characteristics. McMillin and co-workers first reported the photoluminescent properties of copper(I) complexes containing 2,2′-bipyridine (bpy) or 1,10-phenanthroline ( phen) and PPh 3 or chelating bis( phosphane) ligands, 15, 16 and the applications of [Cu(N^N)(P^P] + compounds (N^N = diimine, P^P = bis( phosphane) in LECs followed. 9 It has been shown that in many [Cu(N^N)(P^P] + compounds, thermally activated delayed fluorescence (TADF) is a key feature in determining their photoluminescent properties. [17] [18] [19] [20] [21] [22] In this mechanism, the energy difference between the lowest-energy singlet and triplet excited states is sufficiently small to allow repopulation of the singlet from the triplet state at room temperature. This enables the indirect harvesting of fluorescence from the triplet state, which boosts device performance. 23, 24 [Cu(P^P)(N^N)] + complexes in which P^P is bis(2-(diphenylphosphino)phenyl)ether (POP) or 4,5-bis(diphenylphosphino)-9,9-dimethylxanthene (xantphos) (Scheme 1) and N^N is a bpy or phen ligand have been studied systematically in an effort to enhance their photoluminescent properties and device performances. We have investigated the influence of introducing alkyl and phenyl substituents into the 6-and 6,6′ 38 The introduction of peripheral tert-butyl groups was expected to additionally result in a larger spatial separation of complex ions in the active layer in a LEC and therefore have an influence on the electroluminescent properties. The other P^P ligands investigated in this work were 4,5-bis(dimesitylphosphino)-9,9-dimethylxanthene (xantphosMes 4 ) and 4,5-bis (mesitylphenylphosphino)-9,9-dimethylxanthene (xantphosMes 2 47, 48 was used in all the calculations. The "double-ζ" quality def2svp basis set was employed for C, H, P, N and O atoms, whereas the "triple-ζ" quality def2tzvp basis set was used for the Cu atom. 49, 50 Intramolecular non-covalent interactions are expected to play a relevant role in determining the molecular geometry of the studied complexes owing to the presence of the bulky xantphos-derived ligands. To get a better description of those interactions, the D3 Grimme's dispersion term with Becke-Johnson damping was added to the B3LYP functional (B3LYP-D3). 51, 52 The geometries of all the complexes in both their singlet ground electronic state (S 0 ) and their lowestenergy triplet excited state (T 1 ) were optimized without imposing any symmetry restriction. For T 1 the spin unrestricted UB3LYP approximation was used with a spin multiplicity of three. The lowest-lying excited states of each complex, both singlets and triplets, were computed at the minimum-energy geometry optimized for S 0 using the time-dependent DFT (TD-DFT) approach. [53] [54] [55] All the calculations were performed in the presence of the solvent (CH 2 Cl 2 ). Solvent effects were considered within the self-consistent reaction field (SCRF) theory using the polarized continuum model (PCM) approach.
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Device preparation and characterization 
Results and discussion

Preparation and characterization of P^P ligands
The P^P ligand t Bu 2 xantphos was synthesized using the literature procedure. 38 The synthetic routes to xantphosMes 4 and xantphosMes 2 were based on the strategy of Hamann and Hartwig to prepare bidentate phosphanes with varying steric properties. 59 The syntheses of xantphosMes 4 and xantphosMes 2 are summarized in Scheme 2. Both compounds were isolated as white solids, but facile oxidation to the phosphane oxides made it difficult to obtain analytically pure samples. The electrospray (ESI) mass spectra of xantphosMes 4 and xantphosMes 2 shows the presence of a subspecies in solution, present in <10% based on integration. The chemical shifts of the low intensity signals and the presence of diagnostic NOESY peaks suggest the major and minor species are structurally related, and we assign them to the (rac)-and (meso)-forms, respectively. Based on the preference seen in the solid-state, we propose that the dominant species is the (rac)-form. Thus, the bisphosphane is preorganized to give particular diastereoisomers upon complexation with copper(I) and this indeed is the case as discussed later. 6 ] are shown in Fig. 4 (see also Fig. S15 †) , S16 and S17, † respectively. All signals are sharp and well-resolved at room temperature and were assigned using COSY, 6 ] is symmetric on the NMR timescale at room temperature (Fig. S17 †) . We have previously detailed a solution dynamic behaviour for [Cu(xantphos)(N^N)] + complexes involving inversion of the xanthene unit ('bowl'), 26, 32 and this is depicted in the first dynamic process illustrated in Fig. 5 . The scheme demonstrates that inversion of the xanthene bowl exchanges the environments of the xanthphos methyl groups (green and magenta in Fig. 5 ) between axial and equatorial sites, but does not render pyridine rings A and B (represented by N A and N B ) equivalent. By invoking a second process involving movement of the {Cu(bpy)} unit (i.e., a change in conformation of the chelate ring, Fig. 5 6 ], the symmetry of the cation is lowered and phenyl rings D (see Scheme 3) split into two sets, those proximate to the methyl group of 6-Mebpy and those on the side of the unsubstituted pyridine ring (Fig. 2a) . 6 ]. The disorder was modelled with a 50% occupancy of each orientation and Fig. 5a and b show the [Cu(xantphosMes 2 )(6-Mebpy)] + with the two orientations of 6-Mebpy. The structure in Fig. 5a corresponds to the top diagram in the scheme in Fig. 5 Table S1 . † Calculations successfully reproduce the distorted tetrahedral structures observed experimentally around the Cu centre for all the studied complexes. Compared with the values from X-ray diffraction, the Cu-N and Cu-P bond distances and the P-Cu-P and N-Cu-N chelating angles are calculated with errors below 0.05 Å and 2°, respectively. The angle formed by the P-Cu-P and N-Cu-N planes, which can be used as an indication of the deviation from the orthogonal disposition of the P^P and N^N ligands, has values lying between 82 and 89°, in good agreement with those observed experimentally and with those computed in previous works for similar complexes. 24, 26, 66 The N-C-C-N torsion angles remain in a small range between −10 and 14°indicating that the bpy ligand is essentially planar in all the cations. In contrast to the experimental results (Table 1) , the cations containing the xantphosMes 2 ligand do not feature significantly more twisted bpy ligands (Table S1 †), suggesting that the packing forces play an important role in determining the structure in the crystal. Theoretical calculations correctly reproduce the longer Cu-P bond distances observed for these complexes, and the spatial proximity of the equatorial mesityl group to the bpy unit shown in Fig. 3 . The differences in the torsion angles between theoretical and X-ray geometries are probably due to the fact that the former are obtained for an isolated molecule optimized in solution and do not take into account the packing forces and intermolecular interactions acting in the solid state. Two geometry minima were found for [Cu(xantphosMes 2 )(6-Mebpy)] + , which show a different relative orientation of the 6-Mebpy ligand and correspond to the two conformations observed in the single-crystal structure determination (Fig. 5) . They possess close energies, the conformation with the 6-methyl group lying over the xanthene bowl being more stable that with the Me group away from the xanthene unit by only 0.28 kcal mol −1 . This is in good agreement with the occupancy of 50% experimentally found for each conformation as discussed above. The geometry of the first triplet excited state (T 1 ) was also optimized at the UB3LYP level for all the [Cu(P^P)(N^N)] + cations, and the most significant geometry parameters are also included in Table S1 . † The molecular geometries in the T 1 state significantly differ from those in the ground state S 0 . As discussed below, the T 1 state implies a charge transfer from a molecular orbital that mainly involves a d orbital of the Cu atom to a molecular orbital spreading over the bpy ligand. Consequently, the metal atom is partially oxidized and tends to adopt the square-planar coordination sphere expected for four-coordinate d 9 Cu(II) complexes, instead of the tetrahedral conformation typical of d 10 Cu(I) coordination complexes. This effect can be studied by following the changes in the angle formed by the N-Cu-N and P-Cu-P planes, which decreases in going from S 0 to T 1 as the molecule becomes more planar (Table S1 †). The distortion degree from the tetrahedral structure in going from S 0 to T 1 is indeed limited by number of methyl groups in the 6,6′-positions of the bpy ligand, because substituents in these positions impede the movement of the ligands towards more planar dispositions. 24 In this way, the The energy position of the T 1 state relative to S 0 , and thereby the emission properties of the complexes, therefore depend not only on the electron-donating or electronwithdrawing character of the substituent groups present in the ligands but also on the positions where the substituents are introduced and on the structural effects they induce. Fig. 10 shows the evolution of the energy calculated for the highest-occupied (HOMO) and lowest-unoccupied molecular (Table 2) . It is therefore expected that excited states described by HOMO → LUMO transitions appear at bluer wavelengths as more Me groups are attached to the N^N ligand.
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NOESY, HMBC and HMQC methods. The t Bu substituents give rise to a singlet at δ 1.11 ppm in [Cu( t Bu 2 xantphos)(bpy)][PF 6 ] and δ 1.
Photophysical properties
The solution absorption spectra of the [Cu(P^P)(N^N)][PF 6 ] complexes in CH 2 Cl 2 are shown in Fig. 11 . The intense bands below 330 nm are assigned to ligand-based n → π* and π → π* transitions and vary little within a series of a certain phosphane ligand. The broad absorption at around 380 nm (Table 3) arises from a metal-to-ligand charge transfer (MLCT) excitation. In the series [Cu( t Bu 2 xantphos)(N^N)][PF 6 ], the MLCT absorption slightly shifts to higher energies on going from bpy to 6-Mebpy and to 6,6′-Me 2 bpy (see Fig. S23 †) 6 ], and is in good agreement with the electrochemical properties discussed above.
To get a better understanding of the nature of the electronic excited states involved in the absorption spectra, the timedependent DFT (TD-DFT) approach was used to study the lowest lying singlet (S n ) and triplet (T n ) excited states. Table 4 collects the energies and oscillator strengths ( f ) computed for the S 1 and T 1 states of all the complexes, together with those obtained for [Cu(xantphos)(bpy)] + included as a reference. In all cases, both the S 1 and the T 1 state result from the HOMO → LUMO monoexcitation, with a contribution exceeding 95%. This excitation implies an electron transfer from the Cu(P^P) moiety of the complex to the bpy ligand, supporting the MLCT character of S 1 and T 1 . The broad absorption band observed experimentally at around 380 nm therefore originates in the S 0 → S 1 transition, and the calculated values, although somewhat displaced to the red, reproduce the experimentally observed shift of the absorption maxima to bluer wavelengths as the number of Me substituents of the bpy ligand increases. This is also in good accord with the increase of the HOMO-LUMO gap along each series of complexes predicted above (Fig. 10) . The powder and solution emission spectra are displayed in Fig. 12 and S24, † respectively, and data are given in Table 3 . Upon excitation into the MLCT region (λ exc = 365 nm), all the compounds show an emission in the orange to yellow region. 6 ], the introduction of additional methyl groups in the bpy ligand shifts the emission to higher energies (Table 3) . Additionally, the photoluminescent quantum yield (PLQY) increases for solution and especially for powder emission along the series ( The theoretical results reproduce the trends observed in the experimental emission spectra. The emitting T 1 state shifts to higher energies as more methyl groups are added to the bpy ligand ( + , and finally by the complexes with no methyl substituent. This is in good agreement with the emission wavelengths observed in experimental spectra ( Table 3 ). The broad and mostly unstructured shape of the emission band (Fig. S24 †) also agrees with the MLCT nature predicted for the emitting HOMO → LUMO T 1 state. As discussed above, the geometry relaxation of the emitting T 1 state leads to the flattening of the tetrahedral coordination environment. This flattening is more hindered as the number of methyl substituents attached to positions 6 and 6′ of the bpy ligand is increased, and the relaxation of the T 1 triplet is impeded thus leading to higher emission energies. Inspection of Table 3 shows that increasing the steric hindrance of the bpy ligand is beneficial for the emissive properties. Less flattening of the tetrahedral coordination environment of the copper centre gives rise to higher emission energies and, as Biexponential fit using the equation
i where A i is the pre-exponential factor for the lifetime. 6 ] also show a second unstructured emission feature at 628 nm and 623 nm respectively, which is not observed in the solid-state emission profile.
To investigate whether the compounds showed thermally activated delayed fluorescence (TADF) at room temperature, low temperature emission spectra and excited state lifetimes were recorded in frozen Me-THF at 77 K (Table 3 and Fig. 13 ). All complexes show a red shift in emission of 5-40 nm compared to the solid state emission and a greatly enlarged excited state lifetime. This indicates the possibility that all complexes are TADF emitters at room temperature. The energy difference between the lowest energy singlet and triplet excited states has been calculated to lie between 0.17 and 0.25 eV (Table 4) , and is small enough to allow the occurrence of TADF processes. 22 Low temperature data further support the idea that the position of the emission bands of the [Cu( 6 ] is 86 nm (0.30 eV) ( Table 3 ). In powder, the flattening is more restricted and the difference decreases to 62 nm (0.25 eV). Finally, at 77 K, where the relaxation is even more impeded for all the complexes, the emission maxima range between 597 and 555 nm, in a window of just 42 nm (0.15 eV).
Device performances
The series of compounds was tested in LECs using ITO/ PEDOT:PSS as the anode, an emitting layer consisting of the complex in the presence of [Emim][PF 6 ] (4 : 1 molar ratio) and an aluminium cathode. Devices were tested monitoring the electroluminescence and voltage over time, and were driven with a pulsed current (100 A m −2 average, 50% duty cycle, 1 kHz). The main device parameters obtained for the entire samples series are reported in Table 5 . The time evolution of the voltage and luminance for the LECs are reported in Fig. 14 , together with the electroluminescence spectra. All LECs based on copper(I) complexes with t Bu 2 xantphos as the P^P ligand show a fast luminescence turn-on time (t on , defined here as the time to reach the maximum luminance), ranging from 1 minute for the complex with 6,6′-Me 2 bpy to 4.5 minutes for the one with 6-Mebpy (Fig. 14b) .
The maximum luminance registered for these compounds increases with increasing substitution to the N^N ligand, going from 20 cd m −2 for the complex with unsubstituted bpy, to 230 cd m −2 and 370 cd m −2 for the ones containing 6-Mebpy and 6,6′-Me 2 bpy, respectively. This trend follows that of the PLQY registered for the same compounds (Table 3) and is consistent with an augmented steric hindrance of the N^N ligand, resulting in a higher stabilization of the tetrahedral complex geometry. 6 ] corresponds to an external quantum efficiency of 1.0%, which is substan- 6 ]. The low lifetime of the complexes with bpy and 6,6′-Me 2 bpy might be due to a reduced stability of the materials toward charge transport, as seen from the corresponding LECs voltage profile which drastically increases after only few minutes of operation (Fig. 14a) . The optoelectronic performance of complexes containing the xantphosMes 2 . The spectral shape and position of the electroluminescence (EL, Fig. 14c ) signals correlate with the PL maxima observed for the complexes in solution and in the solid state. For the t Bu 2 xantphos-containing complexes, the EL maxima blue-shift from 584 nm to 575 and 557 nm when increasing the substitution at the bpy, i.e. going from bpy to 6-Mebpy and 6,6′-Me 2 bpy, respectively. As highlighted in the inset of Fig. 14c , this shift corresponds to a colour variation from the orange to the green region of the CIE 1931 colour space. The EL spectrum of [Cu(xantphosMes 2 )(6-Mebpy)][PF 6 ] peaks at 582 nm, in agreement with the PL signal of the thin-film (Table 3) . 6 ]. To prepare the latter, the chiral xantphosMes 2 was prepared and characterized, and the single crystal structure reveals the presence of the (rac)-form. In solution, one dominant diastereoisomer is observed, proposed as the (rac) rather than the (meso)-form. This makes the bisphosphane preorganized to give particular diastereoisomers when coordinated to copper (I) 6 ] compounds show a broad MLCTabsorption around 380 nm which shifts to higher energies on going from bpy to 6-Mebpy to 6,6′-Me 2 bpy. Upon excitation into the MLCT band, the [Cu(P^P)(N^N][PF 6 ] complexes emit in the yellow to orange region; additional Me groups in the bpy ligand result in a blue-shift in the emission. The MLCT nature of the absorption and emission is supported by DFT calculations, which associate the lowest-energy S 1 and T 1 excited states to the HOMO → LUMO monoexcitation implying . (c) Electroluminescence spectra for the same device series with (inset) the corresponding colour coordinates in the CIE 1931 colour space.
Conclusions
